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Assessment of blood sample stability for complete blood count using the Sysmex XN-9000 and Mindray BC-6800 analyzers 
Introduction
Modern hematological analyzers not only enable accurate quantitative and qualitative assessment of blood cells, but also provide a vast array of hematological parameters that may be useful for the diagnostic and prognostic assessment of many blood cell disorders. The vast majority of laboratory errors (up to 70%) emerge from the pre-analytical phase. 1 This phase is influenced by a number of variables, including the preparation of the patient before testing, the procedures used to collect and transport the biological specimens, as well as the time and storage conditions of blood samples before analysis. In particular, it was recently proven that the stability of many hematological parameters is strongly influenced by the storage temperature of the sample and the time elapsed between collection and analysis. [2] [3] [4] Another factor that may have an influence on the stability of hematological parameters is the technology used by the different hematological analyzers. 3 Basically, the instruments currently available on the market use different methods and technologies to assess basic parameters such as red blood cell (RBC), platelet (PLT), total leukocyte (WBC) and leukocyte subclass [neutrophils (NE), lymphocytes (LY), monocytes (MO), eosinophils (EO), basophils (BA)] counts. 5 It is for this reason that a more profound knowledge of the potential impact of time and storage temperature of samples before analysis should be regarded as a mainstay to increase the quality of hematological testing and to improve the clinical interpretation of data obtained with different analyzers and techniques. [2] [3] [4] Notably, the latest generation of hematological analyzers provides a number of innovative quantitative and qualitative parameters, such as the enumeration of high fluorescence mononuclear cells (HFC) [5] [6] [7] and nucleated red blood cell (NRBC) count, 7 and the RBC distribution width expressed as a standard deviation (RDW-SD) or coefficient of variation (RDW-CV). 8 Moreover, they may provide platelet distribution width (PDW), plateletcrit (PCT), mean platelet volume (MPV), percentage of large platelet (P-LCR) parameters, 5, 9, 10 along with the reticulocyte count (RET) and immature reticulocyte fractions [IRF, high-fluorescence (HFR), middle-fluorescence (MFR) and low-fluorescence reticulocytes (LFR)], all of which are useful for the diagnosis and classification of anemia or for monitoring bone marrow erythropoiesis. 11, 12 The importance of verifying the stability of the aforementioned parameters is now unquestionable and published data about blood sample stability before analysis is scarce for the new generation of hematological analyzers. Therefore, this study aimed to assess and compare the stability of a number of hematological parameters in normal and abnormal blood samples measured using two novel analyzers, XN-9000 (Sysmex Co., Kobe, Japan) and BC-6800 (Mindray, Shenzhen, China), according to the Guidelines of the International Council for Standardization of Haematology (ICSH) 4 and the Clinical and Laboratory Standards Institute (CLSI) Document H26-P2. 13 
Blood samples
The study population consisted of ten adult and ostensibly healthy volunteers recruited from the laboratory staff (five women, mean age 37.5 ± 0.8 years and five males, mean age 35.0 ± 7.4 years). All subjects were Caucasian, had no diabetes mellitus, hypertension and had not taken any medication for one month before the study. Six venous blood samples from each subject were collected in K 3 -ethylenediaminetetraacetic acid (K 3 -EDTA) tubes (Becton Dickinson, Franklin Lakes, NJ). All samples were analyzed immediately after venipuncture (i.e., within 30 min). The analysis of the impact of different storage temperatures was then carried out by storing three blood tubes from each individual at room temperature (RT) and three blood tubes were divided in six aliquots and stored (refrigerated) at 4 • C. Repeated measures were then performed on each sample after 2 h, 4 h, 6 h, 8 h, 24 h, 36 h and 48 h of storage. An additional study was performed using 40 routine samples with abnormal values, that is, containing at least one abnormality of hemoglobin (Hb), platelet (PLT) or white blood cell (WBC) counts or morphological alterations (i.e., at least one morphological flag for WBC). Count abnormalities included Hb lower than 70 g/dL, PLT lower than 100 × 10 9 /L or higher than 400 × 10 9 /L; WBC lower than 1.00 × 10 9 /L or higher than 12.00 × 10 9 /L. Hematological testing was performed immediately upon arrival in the laboratory (i.e., within 30 min) and then each sample was divided into 8 aliquots, four were stored at 4 • C and four were stored at RT. The tests were repeated after 4 h, 8 h, 24 h 36 h and 48 h of storage. All measures (i.e., the baseline and the repeated analyses) were performed in duplicate and the final value was expressed as the mean of the two analyses at each time point.
Study design
The following parameters were assessed to check blood sample stability: extended complete blood count (CBC) profile parameters, including all basic CBC parameters [RBC, Hb, hematocrit (HT)], mean corpuscular volume (MCV), mean corpuscular hemoglobin (MCH), mean corpuscular hemoglobin concentration (MCHC), RDW-SD, RDW-CV and NRBC. Moreover, the extended differential counts (DIFF) (including WBC, NE, LY, MO, EO, BA and HFC), PLT profile parameters (including PLT, PCT, MPV, PDW and P-LCR) and the RET profile (including RET, IRF, LFR, MFR and HFR) were evaluated.
The measurements at the different time points were concomitantly performed with both the XN-9000 and BC-6800 analyzers. The mean analytical characteristics of the two analyzers are summarized in Table 1 . Briefly, the XN-9000 and the BC-6000 analyzers perform a 5-part DIFF, RET count, NRBC count, with flags appearing in the presence of abnormal results. 7, 14, 15 Both analyzers use a combination of flow cytometry and fluorescence with lysing buffers for leukocyte DIFF and identification of abnormal cells. A separate channel for NRBC assessment is also available in the BC-6800.
The between-run imprecision of both the XN-9000 and BC-6800 was evaluated according to the CLSI document EP5-A3, 16 by analysis in duplicate of three levels (i.e., level 1, 2 and 3) of control materials (XN-CHECK; Streck Laboratories Inc., Omaha, NE, USA and BC-6D, BC-BC-RET and NRBC; Shenzhen Mindray Bio-Medical Electronics, Shenzhen, China) for 40 consecutive working days. The study was carried out in accord with the Declaration of Helsinki, under the terms of all 
Statistical analysis
The significance of the difference of the parameters obtained in paired samples measured with the two analyzers was estimated according to the Steel-Dwass-Critchlow-Fligner test, with assessment by the Hodges-Lehmann location shift for multiple comparisons of means and medians between different groups, after verification of value distribution by the Shapiro-Wilk test. Statistical significance was set for p-values <0.05. The results were then reported as delta variations from baseline analysis immediately after collection, as X (TX − T0), where "X" is the different timing and "0" is the baseline result. Percentage variations from the baseline result (T0) in samples with statistically significant differences were then analyzed using Bland-Altman plots (Bias%) and compared with the current quality specifications for optimal bias (OP-Bias%), 17 that is calculated using intra-individual biological variability (CVi) and inter-individual biological variability (CVg) following the equation: OP-Bias% = 0.250 (CVi + CVg) 1/2 . Bias% was also compared with the reference change values or critical difference (CD) 18, 19 when these indices were available. The CD percentage is the highest relative difference between two consecutive measurements, that, at a chosen level of probability, may still be due to the combined effect of the analytical (Va) and biological (Vi) variations. It is given by the following equation: CD% = K × (Va 2 + Vi 2 ) 1/2 , where K depends on the chosen probability. The comparison between Bias% and CD% was performed only for those parameters exhibiting a statistically significant difference between Bias% and OP-Bias% throughout the study period. The statistical analysis was performed using Analyse-it software version 3.90.1 (Analyse-it Software Ltd.; Leeds, UK).
Results
Overall, 2480 measurements were performed with the XN-9000 and BC-6800 analyzers. All results obtained in the normal samples group were included in the statistical analysis, whereas 160 measurements were performed in the abnormal samples group. Unfortunately, several measurements could not be performed due to the low residual sample volume in this second group of samples. The results of these studies and the relative variations according to the different storage conditions are shown in Tables 2-5 .
Red blood cell parameters
The median values obtained at baseline (i.e., T0) in the normal sample group did not significantly differ between the two analyzers for all the parameters tested, except for MCH and MCHC (Table 2 ). In this group of normal samples, the values of WBC, RBC, HB, MCH and NRBC were found to be stable up to 48 h at RT and 4 • C using both analyzers. Conversely, the HT values displayed a statistically significant increase 48 h after collection in samples stored at RT (but not in those stored at 4 • C) when measured with both analyzers. The comparison of the Bias% at different time points (TX) with the OP-Bias% showed that HT is stable at room temperature for up to 8 h using both the XN-9000 (Bias%: 0.9) and BC-6800 (Bias%: 1.9), whereas the Bias% for HT in samples stored at RT remained lower than the CD% for up to 24 h. The same analysis in samples stored at 4 • C showed good stability for up to 24 h after collection when compared with the OP-Bias%, whereas the Bias% always remained lower than the CD% throughout the study period (i.e., up to 48 h) using both analyzers. The values of MCV and RDW-SD displayed significant differences after 24 h of storage at RT, whereas the results remained substantially unchanged for up to 48 h after collection in samples stored a 4 • C. Interestingly, the Bias% of MCV exceeded the OP-Bias% after 2 h of storage at RT with the XN-9000 and after 8 h of storage at RT with the BC-6800, respectively. The Bias% of MCV was lower than the relative CD% for up to 8 h of storage using both analyzers at RT. At variance, the Bias% always remained lower than CD% throughout the study period in samples stored at 4 • C. The RDW-CV exhibited significant variations after 24 h from collection using both analyzers at RT, whereas significant differences were observed after 24 h of storage in samples stored at 4 • C using the XN-9000 but not with the BC-6800 (Table 2) . When compared with the OPBias%, RDW-CV values were found to be stable for up to 8 h at both RT and 4 • C using the XN-9000, and for up to 2 h at RT with the BC-6800. The Bias% of RDW-CV was always lower than the OP-Bias% for up to 48 h of storage using the BC-6800.
At variance with previous parameters, the values of MCHC displayed a specific and instrument-dependent variation. More specifically, significant differences were observed after 4 h of storage at RT and 2 h of storage at 4 • C with the XN-9000. Accordingly, the Bias% exceeded the OP-Bias% at 2 h of storage at both temperatures, whereas the Bias% did not exceed the CD% for up to 8 h of storage at RT and for up to 48 h of storage at 4 • C. As regards MCHC values obtained with the BC-6800, significant differences were found after 24 h of storage at RT and at the 48 h time point after storage at 4 • C. The OP-Bias% was exceeded after 8 h of storage at RT and 24 h of storage at 4 • C, whereas the Bias% remained lower than the CD% for up to 8 h of storage at RT and for up to 48 h of storage at 4 • C ( Table 2 ).
All these parameters appeared to be substantially stable for up to 8 h at both RT and 4 • C in the abnormal samples group using both analyzers. The most relevant exceptions are summarized in Table 3 . Specifically, the NRBC measured with the XN-9000 showed significant variations 8 h after collection in samples stored at RT and 4 h after collection in those stored at 4 • C, whereas significant variations of NRBC measured with the BC-6800 could only be observed after 8 h of storage at 4 • C. The comparison between the Bias% and OP-Bias% for the MCH and RDW-CV measured with the BC-6800 showed a significant variation after 4 h of storage at 4 • C. As regards the XN-9000, only the Bias% for MCHC increased over the OP-Bias% after 4 h of storage at RT. Interestingly, the Bias% was found to be always lower than the CD% for all parameters with both analyzers for up to 8 h of storage at both temperatures.
Reticulocytes
The baseline values of the different RET parameters were found to be always different on comparing the measurements of the two hematological analyzers (Table 2 ). In the group of normal blood samples, RET and percentage of HFR were found to be stable for up to 48 h using both analyzers and at both temperatures. The Bias% of RET was found to be higher than the OP-Bias% after 36 h of storage at both temperatures. The percentages of IRF, LFR and MFR were found to be higher than the T0 values after 24 h of storage at RT with the XN-9000 and after 36 h of storage at RT with the BC-6800 (Table 4 ). In the group of abnormal blood samples all the RET parameters were found to be stable for up to 8 h using both analyzers and at both temperatures (Table 3) .
Leukocyte count and differential
The baseline values of Leukocytes and DIFF counts did not exhibit statistically significant variations throughout the study period in the subgroup of normal samples, using both analyzers and at both temperatures, with the only exception of the MO measured with the BC-6800 at the 48-h time point (Table 4) . Accordingly, the Bias% of MO increased over the OPBias% after 36-48 h of storage at RT and after 24 h of storage at 4 • C. Importantly, the Bias% was found to be always lower than the CD% throughout the study period, using both analyzers and at both temperatures.
In the abnormal samples group the various parameters were also found to be stable up to 8 h of storage using both analyzers and at both temperatures ( Table 5 ). The OP-Bias% was exceeded after 4 h for NE, LY and MO at 4 • C, and EO at RT using the BC-6800. The Bias% of EO also exceeded the OP-Bias% after 8 h of storage at 4 • C using the XN-9000 (Table 5) .
Platelets
With the exception of PLT and PCT, the baseline values of all the PLT parameters were found to be significantly different between the two analyzers in the group of normal blood samples (Table 4 ). In this group of specimens, PLT and PCT parameters were found to be stable for up to 48 h at both RT and 4 • C using both analyzers (Table 4 ). The remaining parameters (MPV, PDW, PCT and P-LCR) showed instrumentdependent variations.
The Bias% of the PLT count measured with the XN-9000 was found to be higher than the OP-Bias% after 2 h of storage at 4 • C, but remained always lower than the CD% for up to 48 h of storage at this temperature. The values of MPV measured with the XN-9000 significantly increased after 24 h of storage at RT and at 48 h of storage at 4 • C. However, the variation of the MPV was found to be higher than the OP-Bias% starting from 2 h of storage at RT and 8 h of storage at 4 • C (Table 4) . Importantly, the Bias% of the MPV never exceeded the CD% throughout the 48 h of storage. As regards the BC-6800, the MPV values were significantly increased after 4 h of storage at RT and 24 h of storage at 4 • C. A Bias% larger than the OP-Bias% was observed after 2 h of storage at RT, although it remained lower than the CD% throughout the 24 h of storage at RT (Table 4) . The values of the PDW measured with both analyzers were found to be significantly different after 24 h of storage at RT, whereas significant differences in samples stored at 4 • C were observed after 24 h of storage with the BC-6800 and after 48 h of storage with the XN-9000 (Table 4 ).
In the group of abnormal samples, the PLT parameters were found to be stable for up to 8 h using both analyzers at both temperatures (Table 5) . Nevertheless, the Bias% of the MPV measured with the BC-6800 was found to be higher than the OP-Bias% after 2 h of storage at both temperatures, whereas the Bias% of the MPV measured with the XN-9000 exceeded the OP-Bias% after 4 h of storage at 4 • C. In no case, however, the Bias% was found to be higher than the CD% in up to 8 h of storage at both temperatures (Table 5 ).
Discussion
The ongoing reorganization of laboratory services around the globe frequently entails the consolidation of small labs into larger facilities. 20 This process poses serious challenges to sample quality, as sometimes blood specimens need to be transported over long distances and for long periods of time. 21 Therefore, the aim of our study was to obtain information about sample stability for many hematological parameters measured with both the XN-9000 and BC-6800 analyzers. It is hence not surprising that the stability data obtained in this study were quite similar. Analyzer-specific trends were only observed for a few parameters such as MCHC, MPV and MO. More specifically, MCHC was found to be stable for longer at both RT and 4 • C using the BC-6800, whereas the MPV was found to be stable for longer at 4 • C with the XN-9000. As the analyzers use rather similar analytical techniques, the differences seem to be attributable to a different technological approach used to assess MCHC and MPV.
Overall, the stability appeared greater for normal samples when they were stored at 4 • C compared to RT. A similar trend was observed for abnormal samples, except for the NRBC count as this parameter measured with the XN-9000 showed a significant variation after 4 h of storage at 4 • C and after 8 h of storage at RT. When measured with the BC-6800, the NRBC count was found to be stable throughout the study period at RT, whereas a significant change was found after 8 h of storage at 4 • C (Table 3) .
For the Sysmex XN-series, in accord with previous data published by Briggs et al., 7 the values of WBC, NRBC and leukocyte DIFF were found to be stable up to 48 h when normal samples were stored at 4 • C. Tanaka et al. published data on the stability of the PLT count, 22 which are overall similar to the results observed in this study (PLT seem to be stable for up to 48 h in blood samples stored at both RT and at 4 • C). Discrepant data were instead found comparing our results with those obtained by Daves et al. 23 and by Imeri et al. 2 using the Sysmex XN-series. Specifically, larger differences were found for some RBC parameters in normal blood samples (i.e., MCH, MCV, RDW-SD, PLT count and MPV). In these published investigations, the stability was found to be less than in the current study in blood samples stored at both RT and 4 • C.
Conversely, the stability of MCHC values was found to be less in our investigation than in the study published by Daves et al. 23 The differences are probably attributable to the use of different pre-analytical procedures between studies. In fact, our investigation was designed using strict criteria for the preanalytical phase (especially for collection and transportation of normal samples), according to which the collection and transportation of healthy samples was directly handled by laboratory personnel. Similar evidence is unavailable in the studies of Daves et al. 23 and Imeri et al., 2 who preferred to follow a different approach (i.e., blood collection and handling by nurses), which is probably closer to the reality of routine healthcare practices. Notably, no previous information is available for blood sample stability assessed with the BC-6800, so that a direct comparison is unfeasible.
Interesting results emerge from the comparison between the Bias% of the different analytes at different times and temperature conditions, which may be useful for defining the best practice for the pre-analytical phase of routine hematological testing. In the analysis of normal samples, the MCV exhibited a Bias% of −1.5% with the XN-9000 and a Bias% of −0.15% with the BC-6800 in a sample stored for 8 h at RT. However, the Bias% of MCHC and RDW-CV measured with the BC-6800 were −0.7% and 2.7% after 8 h of storage at RT and the Bias% of MCHC measured with the XN-9000 was −2.4% after 8 h of storage at RT. The HT exhibited a Bias% of 4.9% with both the analyzers after 24 h at RT. After these periods of storage, the variation of the parameters was found to be higher than the CD%.
The major limitation of this study was the absence of stability evaluation of pathological samples up to 72 h (i.e., 12 h, 24 h, 36 h and 72 h) as suggested in the ICSH guidelines. 3, 4 This was not possible because the amount of each pathological sample included in this study was limited (only one tube for each sample compared to three tubes for normal samples).
The results of this study show that the time and temperature of storage can have an impact on the quality of hematological testing, with results that may significantly deviate from the clinically allowable bias. Overall, we can hence suggest that the blood samples should always be analyzed within 2 h from collection regardless of storage temperature. When the Bias% is compared to the CD%, the maximum time for sample analysis can however be extended to up to 8 h. Over 8 h it is not advisable to report the time or temperaturesensitive parameters.
